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Abstract
Soil-test biological activity (STBA) is a key indicator describing the functions
of soil to catabolize organic amendments, promote soil organic C sequestration, and cycle nutrients. We explored how climatic zone, land use, and physiographic region affected the relationship of STBA with several soil fertility properties and processes. Soils from Georgia, North Carolina, Pennsylvania, and Virginia (wet climate) were Aquults, Fluvents, Udalfs, Udepts, and Udults and soils
from Nebraska and Oklahoma (dry climate) were Udolls and Ustolls. Annual
cropland and perennial pasture were the land uses. The Prairie region had silt
loam and silty clay loams, the Ridge–Valley region had silt loams, and the Piedmont and Coastal Plain regions had fine sandy loam, loam, sandy clay loam, and
sandy loams. Across all locations, STBA with the flush of CO2 during 3 d following rewetting of dried soil was most strongly associated with cumulative C
mineralization, basal soil respiration, particulate organic C, potential N mineralization during 24 d of aerobic incubation, residual soil ammonium, soil microbial biomass C, and total soil N. Climatic zone modified the association between
STBA and net N mineralization, possibly caused by greater N immobilization in
drier soils with 2:1 clays. Physiographic region had a small effect on the relationship between STBA and net N mineralization. Land use did not alter this relationship significantly. Soil-test biological activity was verified as a robust indicator of
soil organic N supply, as well as of general soil biological condition to assess the
soil’s catabolic potential and potential C storage.

1

INTRODUCTION

Soil health evaluation is an important step towards
understanding how to develop and promote sustainable
agricultural systems, since many conservation management approaches can result in site-specific changes in

Abbreviations: DM, dry matter; STBA, soil-test biological activity

soil function (Snapp et al., 2005; Wander & Bollero, 1999).
Describing changes in how well soil functions should
be the goal of soil health evaluation. Indicators of soil
function should be easy to measure, reasonably indicate
changes in soil function, be applicable to field conditions,
be sensitive to variations in management, and encompass
key ecosystem processes that are relatable to processoriented modeling (Franzluebbers, 2016). Numerous soil
health indicators have been proposed and used under
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different ecological conditions (Wienhold, Andrews, &
Karlen, 2004). Most indicators can be grouped into one of
three components: physical, chemical, or biological. The
biological component has required the most attention for
indicator development, because it appears to be the most
diverse and least understood component for describing
many important soil functions. For example, the function
of soil catabolic activity can affect microscopic-scale interactions of food source and microbial community structure
development, mm-scale development of soil aggregation
and nutrient interactions around roots, field-scale estimation of nutrient cycling, regional-scale influence of soil
management on water quality, and global-scale modification of soil C storage and greenhouse gases emissions.
Use of a soil health indicator requires thorough testing
across diverse conditions to ensure that it can adequately
distinguish how management and environmental factors
influence soil function. Soil-test biological activity from
the flush of CO2 during 3 d following rewetting of dried
soil has been used within geographically specific studies
to define the functional capability of soil to cycle nutrients, decompose organic amendments, and catalyze and
stabilize ecosystem processes through the interactions of a
variety of organisms (Franzluebbers & Stuedemann, 2008;
Franzluebbers, Poore, Freeman, & Rogers, 2019a; Ingram,
Schuman, Stahl, & Spackman, 2005). However, an assessment of this soil analysis tool across diverse environmental conditions is still needed, which was the intent of our
study.
Our objectives were to: (a) describe how STBA relates
to other important soil properties affecting soil fertility; (b)
test the strength of associations between STBA and other
soil fertility properties (particularly net N mineralization
and plant N uptake in an unamended greenhouse bioassay) across a range of climatic zones, land uses, and physiographic regions; and (c) identify the environmental and
management conditions that might alter STBA in association with other soil fertility variables. One hypothesis was
that STBA would be closely associated with other organic C
and N properties that are directly affected by soil biological
processes and less associated with inorganic soil properties indirectly affected by soil biological processes. Another
hypothesis was that climatic zone, land use, and physiographic region would be overriding drivers of change in
soil organic C and N fractions, resulting in different associations between STBA and other soil fertility factors. We
wanted to define these variable associations in soils from
different depths and regions with unique climatic conditions and with widely different management systems. If,
however, the associations were similar across these variable environmental conditions, our results would lend support for the use of STBA as a robust indicator across diverse
environmental conditions.
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Core Ideas
∙ Soil-test biological activity (STBA) is a robust N
indicator across land uses
∙ STBA was associated with several other soil
organic C and N fractions
∙ Holistic soil fertility analyses should include
chemical and biological components
∙ Climate zone but not land use modified the
association of STBA and N mineralization

2

MATERIALS AND METHODS

A total of 402 soil samples were collected from six states
encompassing a wide range of crop and pasture conditions
from research stations and private farms (Table 1) . These
states included Georgia, Nebraska, North Carolina, Oklahoma, Pennsylvania, and Virginia. The soil orders were
Alfisols, Entisols, Inceptisols, Mollisols, and Ultisols. Soil
sampling depth varied and was often at multiple depth
increments in each field to obtain a range of soil organic
matter conditions, since depth is an important factor in
organic matter concentration for many soils.
Samples were typically composited in a bag, transported
to the laboratory, and dried in an oven (55 ◦ C, ≥3 d) until
they reached a constant mass (sometimes they were initially air-dried). Soil was gently crushed with a pestle over
a screen with 4.75-mm openings. Stones and residues not
passing the screen were discarded from the sample. Soil
was analyzed in the <4.75-mm sieved samples, except for
subsamples for total organic C and N and initial inorganic
N, which were ground further to a fine powder in a ball
mill. Total organic C and N were determined with dry combustion via a Leco TruMac CN analyzer (Leco Corp, St.
Joseph, MI).
Soil organic C and N fractions were determined according to methods of Franzluebbers, Pershing, Crozier,
Osmond, and Schroeder-Moreno (2018b). Soil microbial
biomass C was determined via chloroform fumigation–
incubation without subtraction of a control and with an
efficiency factor of 0.41 (Franzluebbers, 1999; Voroney &
Paul, 1984). Soil-test biological activity was determined
from the flush of CO2 following rewetting of dried soil
(0–3 d) with aerobic incubation of soil at 50% water-filled
pore space and 25 ◦ C. For analyses of STBA and microbial biomass C, duplicate 50-g soil samples in 60-ml glass
jars were wetted and placed in a 1-L canning jar along
with a vial containing 10 ml of 1 M NaOH to trap CO2
and a vial of water to maintain humidity. Alkali traps were
replaced on Day 3 and Day 10 of the incubation and CO2 –
C was determined by titration with 1 M HCl with vigorous
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Location and taxonomic description of soils

Location
(county, state)

Soil series and taxonomy

Depth
sampled

Sampling
date

Management

Collaborators

cm
Coastal Plain region
Randolph, GA

Greenville sandy clay loam (fine,
kaolinitic, thermic Rhodic
Kandiudults)

Dec. 2013
0–15
(n = 13),
15–30
(n = 7)

Cotton (Gossypium hirsutum L.)
as previous crop; biochar
applied 3 yr prior at 0, 22.4,
and 44.8 Mg ha−1

Marshall Lamb,
Ron Sorensen
(USDA-ARS)

Bertie, NC

Goldsboro sandy loam (fine-loamy,
siliceous, subactive, thermic
Aquic Paleudults

0–10
May 2014
(n = 12),
10–20
(n = 12),
20–30
(n = 12)

Corn as previous crop; poultry
litter in previous years at none,
low, and high rates

Carl Crozier
(North
Carolina State
University),
Tommy
Corbett
a
(NCDACS )

Washington,
NC

Cape Fear loam (fine, mixed,
semiactive, thermic Typic
Umbraquults), Portsmouth fine
sandy loam (fine-loamy over
sandy or sandy-skeletal, mixed,
semiactive, thermic Typic
Umbraquults)

May 2014
0–10
(n = 15),
10–20
(n = 15),
20–30
(n = 15)

Annual pasture of ryegrass
(Lolium multiflorum) with
haying and grazing

Carl Crozier
(North
Carolina State
University),
Jewell
Tetterton
(NCDACS)

Washington,
NC

Cape Fear loam

0–10
(n = 4),
10–20
(n = 4),
20–30
(n = 4)

Mar. 2015

Perennial pasture of bahiagrass
(Paspalum notatum Flüggé),
bermudagrass [Cynodon
dactylon (L.) Pers.],
orchardgrass (Dactylis
glomerate L.) with haying and
application of swine slurry

Jewell Tetterton
(NCDACS)

Wayne, NC

Wickham sandy loam (fine-loamy,
mixed, semiactive, thermic Typic
Hapludults)

0–10
(n = 4),
10–20
(n = 4),
20–30
(n = 4)

May 2015

Corn and cotton as previous
crops

Gary Roberson
(North
Carolina State
University),
Andy Meier
(NCDACS)

Oconee, GA

Cecil sandy loam (fine, kaolinitic,
thermic Typic Kanhapludults)

0–3
(n = 2),
3–6
(n = 2),
6–12
(n = 6),
12–20
(n = 2),
20–30
(n = 1)

Feb. 2004

Cropping with corn, sorghum
[Sorghum bicolor (L.)
Moench.], and wheat (Triticum
aestivum L.) using
b
conventional and no tillage

USDA-ARS

Oconee, GA

Cecil sandy loam

0–10
(n = 2)

Oct. 2014

Mown grass [Eremochloa
ophiuroides (Munro) Hack.]

USDA-ARS

Oconee, GA

Cecil sandy loam

Feb. 1997
0–2.5
(n = 6),
2.5–7.5
(n = 11),
7.5–15
(n = 6)

Grazed tall fescuec

USDA-ARS

Piedmont region

(Continues)
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(Continued)

Location
(county, state)

Soil series and taxonomy

Depth
sampled

Sampling
date

Management

Collaborators

Cleveland,
NC

Appling sandy loam (fine, kaolinitic,
thermic Typic Kanhapludults),
Cecil sandy clay loam

Dec. 2014
0–10
(n = 15),
10–20
(n = 15),
20–30
(n = 15)

Corn, soybean [Glycine max (L.)
Merr.], cotton, and wheat
crops in rotation on five
private farms

Steve Gibson
(North
Carolina
Extension)

Rockingham,
NC

Bolling fine sandy loam (fine-loamy,
mixed, active, thermic Aquic
Hapludalfs), Chenneby loam
(fine-silty, mixed, active, thermic
Fluvaquentic Dystrudepts), Clover
sandy loam (fine, mixed,
semiactive, mesic Typic
Hapludults), Codorus loam
(fine-loamy, mixed, active, mesic
Fluvaquentic Dystrudepts), Dan
River loam (fine-loamy, mixed,
active, mesic Oxyaquic
Dystrudepts), Riverview silt loam
(fine-loamy, mixed, active,
thermic Fluventic Dystrudepts),
State sandy loam (fine-loamy,
mixed, semiactive, thermic Typic
Hapludults), Toccoa fine sandy
loam (coarse-loamy, mixed, active,
nonacid, thermic Typic
Udifluvents), Wehadkee silt loam
(fine-loamy, mixed, active,
nonacid, thermic Fluvaquentic
Endoaquepts)

0–15
(n = 73)

June 2014

Corn, fallow, tall fescue hay,
sorghum, soybean, tobacco
(Nicotiana tabacum L.),
vegetables (Cucurbita sp.), and
wheat as crops on private
farms

Dean
Hesterberg
(North
Carolina State
University)

Dinwiddie,
VA

Appling sandy loam, Cecil fine
sandy loam

0–10
(n = 12)

July 2014

Grazed tall fescue pasture on
three private farms

Chris Teutsch
(Virginia
Tech)

Ridge and Valley region
Berks,
Lancaster,
and Montour,
PA

Berks–Weikert complex
(loamy-skeletal, mixed, active,
mesic Typic Dystrudepts and
loamy-skeletal, mixed, active,
mesic Lithic Dystrudepts),
Hagerstown silt loam (fine, mixed,
semiactive, mesic Typic
Hapludalfs), Edom silt loam (fine,
illitic, mesic Typic Hapludalfs),
Washington silt loam (fine-loamy,
mixed, mesic Ultic Hapludalfs)

June 2014
0–10
(n = 24),
10–20
(n = 24),
20–30
(n = 22)

Corn with simple and complex
mixtures of cover crops on
private farms, including
brassicas, hairy vetch (Vicia
villosa Roth), oat (Avena sativa
L.), red clover (Trifolium
pratense L.), and rye (Secale
cereale L.)

Charlie White
(Penn State
University)

Marshall silty clay loam (fine-silty,
mixed, superactive, mesic Typic
Hapludolls)

0–10
(n = 4)

Mature gingko (Ginkgo biloba
L.), black walnut (Juglans
nigra L.), white pine (Pinus
strobus L.), and red oak
(Quercus rubra L.)

National Arbor
Day
Foundation

Prairie region
Otoe, NE

May 2014

(Continues)
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(Continued)

Location
(county, state)
Canadian, OK

Soil series and taxonomy
Bethany silt loam (fine, mixed,
superactive, thermic Pachic
Paleustolls), Kirkland–Pawhuska
complex (fine, mixed, superactive,
thermic Udertic Paleustolls and
fine, mixed, superactive, thermic
Mollic Natrustalfs), Norge silt
loam (fine-silty, mixed, active,
thermic Udic Paleustolls), Pond
Creek silt loam (fine-silty, mixed,
superactive, thermic Pachic
Argiustolls)

Depth
sampled

Sampling
date

0–6
(n = 35)

Feb. 2012

Management

Collaborators

Native tallgrass prairie mixture
(Andropogon gerardii Vitman,
d
Panicum virgatum L., etc.) ;
continuous and rotational
stocking

Patrick Starks,
Jean Steiner
(USDA-ARS)

a

NCDACS, North Carolina Department of Agriculture and Consumer Services.
Selected samples taken from a larger study reported in Franzluebbers and Stuedemann (2008).
c
Selected samples taken from a larger study reported in Franzluebbers et al. (1999).
d
Selected samples taken from a larger study reported in Franzluebbers, Starks, and Steiner (2019b).
b

stirring in the presence of BaCl2 (which precipitated to
form BaCO3 ) to a phenolphthalein endpoint. On Day 10,
one of the subsamples was removed from the incubation
jar and fumigated with CHCl3 under a vacuum for 1 d, then
the vapors were removed. Soil was placed into a separate
canning jar along with vials of alkali and water, and incubated at 25 ◦ C for another 10 d to determine soil microbial
biomass C. Basal soil respiration was determined from the
assumed linear rate of C mineralization from 10 to 24 d of
incubation. Potential C mineralization was calculated from
the cumulative evolution of CO2 during 24 d of incubation.
Net N mineralization was determined from the difference
in inorganic N concentrations between Day 0 and Day 24
of incubation (i.e. potential N mineralization at 50% waterfilled pore space and 25 ◦ C). Inorganic N (NH4 –N + NO2 –
N + NO3 –N) was determined from the filtered extract of a
10-g subsample of dried (55 ◦ C for 3 d) and sieved (≤2 mm)
soil that was shaken with 20 ml of 2 M KCl for 30 min via
the salicylate–nitroprusside and hydrazine autoanalyzer
techniques (Bundy & Meisinger, 1994). Plant-available N
was calculated as the sum of residual inorganic N (NO3 +
NH4 ) and mineralizable N during 24 d of incubation.
Particulate organic matter and soil texture were determined from the dried sample (55 ◦ C for 3 d) previously used
to estimate microbial biomass C (Franzluebbers & Stuedemann, 2008). Soil (50-g sample) was shaken with 100 ml
of 0.1 M Na4 P2 O7 for 16 h, then diluted in a 1-L volumetric cylinder with deionized water. The dilute soil solution
was mixed with a plunger 10 times and allowed to settle
for exactly 5 h, at which time a hydrometer was inserted to
determine the density of the solution as proxy for clay concentration (Gee & Bauder, 1986). The soil–solution mixture
was passed over a sieve with 0.053-mm openings to collect the particulate fraction (>0.053 mm; sand-sized mate-

rial), which was dried (55 ◦ C for 24 h past visual dryness),
weighed, ball-milled, and analyzed for C and N via dry
combustion as described for total organic C and N. Silt
concentration was estimated from the difference between
unity and the fractions of clay and sand.
Routine soil nutrient analyses were conducted by Soil
Testing Services of the North Carolina Department of Agriculture and Consumer Services in Raleigh, NC, via standard techniques, including 2.5 ml of soil being shaken with
25 ml of Mehlich-3 extractant (Mehlich, 1984a) and analyzed for P, K, Ca, Mg, S, Na, Mn, Cu, and Zn via argon
plasma emission spectroscopy. The weight of a 10-ml scoop
of soil was used to calculate sieved density. Soil pH was
determined at a 1:1 ratio of soil to 0.01 mol L−1 CaCl2 and
reported as a water pH by addition of 0.6 pH units. Humic
matter was from NaOH digestion and colorimetric determination (Mehlich, 1984b).
A plant growth bioassay was conducted in the same
manner as reported in Franzluebbers and Pershing (2018).
Dry matter (DM) production and N uptake of aboveground biomass were response variables of interest to
assess the N-supplying power of soil via an active biological approach under standard conditions. Briefly, an
experiment was conducted under semicontrolled greenhouse conditions with natural lighting during the day and
artificial light in morning and evening to achieve a 12-h
photoperiod (7:00 a.m. to 7:00 p.m.). Triplicate soil subsamples were placed in Ray Leach SC10 cone-tainers
(Stuewe and Sons, Tangent, OR) (164 ml in volume, 21 cm
high, 3.8 cm in diameter at the top) with a cotton ball
placed at the bottom of the tube to prevent the soil from
leaking out but to allow water to wick upwards. Dry weight
of a fixed volume in the tube was recorded to adjust the
results for differences in density of soils. Soil weight in this
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standard volume was ∼140 to 170 g. Soil was wetted with
10 to 20 ml of water prior to placing five pregerminated
sorghum-sudangrass [Sorghum bicolor ssp. drummondii
(Nees ex Steud.) de Wet ex Davidse] seeds in small indentations at the soil surface. Washed coarse sand (∼20 g) was
placed on top of the seeds and the tubes were watered
again (∼10 ml). Water was added from the top in this way
on a daily basis until the seedlings emerged (typically 3–
4 d after planting). Once the majority of the seeds had
sprouted, trays of samples were transferred from the laboratory (∼23 ◦ C) to a greenhouse (target daytime maximum of 30 ◦ C and nighttime minimum of 20 ◦ C) for
growth for up to 8 wk. Samples were randomly assigned
a position within a set of racks. Replicate subsamples were
assigned to different blocks within the greenhouse. Samples were watered by capillarity from the bottom every 1
to 3 d (40–100% of water-holding capacity). Racks of samples were placed into trays filled with ∼5 cm of water,
and soil samples absorbed water for ∼20 min, after which,
racks were returned to position in the greenhouse. No
nutrients were added to the soil or the solution. About
midway through the 8-wk growth period, plants typically
showed signs of N deficiency and so growth until 6 to 8 wk
was more than sufficient to exhaust readily mineralizable
sources of N.
At termination, plants were cut at 1 cm from the soil
surface and transferred to a paper envelope to be dried
in an oven at 55 ◦ C for 3 d until they reached a constant
weight. Total aboveground DM was determined from
weight and adjusted per kg of soil originally placed in
each tube (DM = g DM kg−1 soil). Plants were subsequently ground to pass a 1-mm screen in a cyclone mill
(Udy Corp., Fort Collins, CO). All samples were scanned
with a Model 5000 near-infrared spectrometer (Foss,
Hilleroed, Denmark) and processed with WinISI Version
1.5 software (Foss North America, Inc., Eden Prairie, MN)
to determine N concentration. Spectra were evaluated
for outliers (global H > 3.0) prior to sample selection for
calibration and total N determination via dry combustion (Leco TruMac combustion analyzer, Leco Corp.).
With neighborhood H > 0.6 as criterion, samples with
discernable spectral differences were selected (n = 210). A
calibration method was developed for N concentration via
modified partial least squares regression with four crossvalidations. After calibration, all samples were assayed
for N concentration via near-infrared spectroscopy. Plant
N uptake (mg N kg−1 soil) was calculated from N concentration (mg N g−1 DM) multiplied by DM production
(g DM kg−1 soil) of sorghum-sudangrass. Dry matter and
plant N uptake were averaged across three subsample
replicates for each of the 402 soil samples. All three
replicates of 10 samples from Rockingham County, NC,
died repeatedly and may have been affected by active

1663

herbicide present in the soil at the time of midsummer
sampling in July. All other plants grew successfully.
Data were contrasted in an orthogonal manner according to climatic zone (the humid eastern states of Georgia,
North Carolina, Pennsylvania, and Virginia vs. the
semiarid western states of Nebraska and Oklahoma),
land use within eastern states (cropland and pasture),
physiographic region within cropland in the eastern states
(Coastal Plain, Piedmont, and Ridge–Valley regions), and
physiographic region within pasture in the eastern states
(Coastal Plain and Piedmont regions). These four contrasts were used to test for differences in soil properties.
If significant, differences were considered as evidence to
require unique calibrations between STBA and net N mineralization (or plant N uptake in the greenhouse bioassay).
Multiple-regression analyses were conducted with the
forward option of the general linear model in SAS Version
9.4 (SAS Institute Inc., Cary, NC) with a significance level
of p ≤ .001. Linear regressions and correlations among
variables were performed with Sigma Plot Version 14 (Systat Software Inc., San Jose, CA). Regression effects were
considered significant at p ≤ .05 and simple correlation
analyses were considered significant at p ≤ .001 to discern
the most notable relationships, given the large number of
samples.

3
3.1

RESULTS AND DISCUSSION
Correlations across all soil variables

Across 35 soil variables, 63% of all correlations were significant at p ≤ .001 (Supplemental Table S1). Restricting significance of correlation to |r| ≥ 0.7 (where |r| is the absolute value of r), only 53 associations (4%) were significant.
Table 2 describes these highly significant associations.
Within this selection, soil properties that had the greatest number of significant associations with other properties were STBA, cumulative C mineralization, particulate
organic C, and total soil N. They had significant associations with each other, as well as with plant N uptake in
the greenhouse bioassay, basal soil respiration, soil microbial biomass C, particulate organic N, plant-available N,
residual soil ammonium, and net N mineralization. All
of these properties express some conceptual relationship
with soil heterotrophic activity and its impact on plant N
availability, as N mineralization is a biologically controlled
process and N is often the most limiting nutrient for plant
growth.
Dry matter production in the greenhouse bioassay was
strongly associated with plant N uptake by test plants; this
was the only highly significant association with plant DM
production in the greenhouse. However, plant N uptake
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0.86

0.77

0.81

0.82

–

–

–

PAN

–

–

–

–

–

0.93

–

–

–

–

0.74

–

0.74

0.73

–

0.71

0.76

0.78

0.71

–

–

–

–

–

–

–

–

0.93

–

–

–

–

–

–

–

–

–

–

–

–

–

–

RSN

−1

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

0.74

0.80

0.83

–

–

–

RSA

–

–

–

–

–

–

–

–

0.93

–

–

–

–

–

–

–

–

–

–

–

–

RIN

–

–

–

–

–

–

–

–

–

0.93

0.79

–

0.82

0.79

0.74

0.76

0.81

0.83

–

0.75

–

0.92

–

–

–

–

–

–

–

–

–

0.73

–

–

–

–

–

–

–

–

–

–

NMIN CEC

−1

BS

–

–

–

–

–

–
–

−0.75
0.92

–
0.92

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

pH
–

−0.75

–

Ac
–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

Ca

–

–

–

–

0.92

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

DM, dry matter in the greenhouse growth bioassay (g kg soil); PNU, plant N uptake in the greenhouse growth bioassay (mg N kg soil); N, N concentration (g N kg DM); STBA, soil-test biological activity
(mg CO2 –C kg−1 soil 3 d−1 ); CMIN, cumulative C mineralization (mg CO2 –C kg−1 soil 24 d−1 ); BSR, basal soil respiration (mg CO2 –C kg−1 soil d−1 ); SMBC, soil microbial biomass C (mg C kg−1 soil); POC, particulate
organic C (g C kg−1 soil); PON, particulate organic N (g N kg−1 soil); TOC, total organic C (g C kg−1 soil); TSN, total soil N (g N kg−1 soil); PAN, plant-available N (RIN + NMIN) (mg N kg−1 soil); RSN, residual soil nitrate
(g NO3 –N kg−1 soil); RSA, residual soil ammonium (g NH4 –N kg−1 soil); RIN, residual inorganic N (g N kg−1 soil); NMIN, net N mineralization (g N kg−1 soil 24 d−1 ); CEC, cation exchange capacity (molc m−3 soil); BS,
base saturation (%); Ac, acidity (molc m−3 soil); Ca, extractable Ca (g m−3 soil).

a

–

–

N

–

0.91

PNU

0.91

–

DM

PNU

Correlation matrix of the most significant (p < < .001) soil variables across all samples (n = 402)

a

DM
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in the greenhouse was strongly associated with the biologically active components of soil organic matter, such as
STBA, cumulative C mineralization, basal soil respiration,
soil microbial biomass C, particulate organic C, particulate
organic N, and net N mineralization. These results support the strong association of biologically active C and N
fractions with plant growth, as found for other soils under
corn (Zea mays L.) production in North Carolina and Virginia (Franzluebbers & Pershing, 2018). These results also
provide fundamental process-based support for why N fertilizer applications could be reduced along an increasing
gradient of STBA in corn grain trials (Franzluebbers, 2018;
2020b) and fall-stockpiled tall fescue [Schedonorus arundinaceus (Schreb.) Dumort.] trials (Franzluebbers et al.,
2018a; Franzluebbers & Poore, 2020) in North Carolina and
surrounding states. The supply of mineralizable N from
soil increased with increasing STBA, which has important implications for organic N supply in the field, as well
as whether N fertilizer applications might lead to environmental pollution. Effective use of the supply of soil
organic N to avoid environmental degradation will depend
on adjusting supplemental N fertilizer inputs (Lory, Russelle, & Randall, 1995; Stanford, 1973).
When we restricted variables to only those with highest
association, as in Table 2, the sum of |r| values was greatest for STBA (8.49), cumulative C mineralization (8.46),
particulate organic C (8.37), basal soil respiration (8.17),
and total soil N (8.16). These properties can be considered
important along the conceptual gradient of organic matter from the most biologically active (STBA, cumulative C
mineralization, and basal soil respiration) to the slow (particulate organic C) and to the passive, for which total soil
N could be considered a proxy encompassing all levels of
N availability. In an analysis of soils under corn production, the optimum combination of variables for predicting
soil N availability to maximize DM production and plant
N uptake in a greenhouse bioassay was from STBA, residual inorganic N, and total soil N (Franzluebbers & Pershing, 2018). The results of our study support this earlier
study that STBA and total soil N are key soil fertility characteristics. Residual inorganic N was not closely associated
with these two organic fractions; therefore, STBA should
be considered a good complement to residual inorganic N
for assessing soil fertility, the latter of which is often considered to be necessary as a means of adjusting exogenous N
inputs (Blackmer, Pottker, Cerrato, & Webb, 1989; Magdoff,
1991). As a fraction of plant-available N (i.e. residual inorganic N + net N mineralization over 24 d), residual inorganic N was 0.19 to 0.47 kg inorganic N kg−1 plant-available
N and 7 to 26 mg inorganic N kg−1 soil on an absolute
basis in this evaluation (middle 50% of observations). The
range of values was somewhat greater than in soils from a
previous study on corn production (0.14–0.26 kg inorganic
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N kg−1 plant-available N and 5–13 mg inorganic N kg−1 soil)
(Franzluebbers & Pershing, 2018). Reliance on inorganic N
alone would not have been adequate to assess soil N availability, as its correlation with plant N uptake in the greenhouse bioassay was much lower (r = 0.41, p < .001) than
correlations with STBA, cumulative C mineralization over
24 d, and basal soil respiration (r = 0.77 ± 0.02).
In a stepwise multiple-regression analysis of factors
most strongly associated with (a) net N mineralization
under ideal laboratory conditions and (b) plant N uptake
in the greenhouse bioassay, STBA was selected as one of
the most dominant factors for both responses. For net
N mineralization, STBA explained 68.7% of the variation;
additional significant factors (p ≤ .001) were particulate
organic N (4.9% of variation), extractable Cu (3.5% of variation), humic matter (2.3% of variation), particulate organic
C (2.7% of variation), and soil-test K (1.1% of variation).
For plant N uptake in the greenhouse bioassay, STBA
explained 62.0% of variation; additional factors of significance (explaining ≥2% of variation) were extractable Ca
(6.5% of variation), plant-available N (9.4% of variation),
and soil microbial biomass C (2.4% of variation). Alternatively, basal soil respiration could have essentially replaced
STBA in explaining plant N uptake in the regression model
(i.e. the explanatory variables were 62.3% for basal soil respiration, 7.9% for plant-available N, 8.7% for extractable Ca,
and 2.1% for particulate organic N). These interchangeable
results illustrate the strong correlation between STBA and
basal soil respiration (r = 0.95, n = 402), even though they
represent two different portions of the same cumulative C
mineralization curve. The advantage of STBA is the more
rapid analysis time taken to obtain an estimate.

3.2
Soil properties affected by climatic
zone, land use, and physiographic region
Soil properties differed significantly by climatic zone, land
use cover, and physiographic region (Table 3). Although a
few dozen other soil properties were available, we focused
on the top 10 (shown in Table 3 to cover a broad spectrum of soil fertility properties. Separation of data into the
drier western states (Nebraska and Oklahoma) and the
wetter eastern states (Georgia, North Carolina, Pennsylvania, and Virginia) had significant effects on all properties, except residual inorganic N. Soil from the dry climatic
zone had greater STBA, net N mineralization, particulate
organic C, total organic C, soil-test K, cation exchange
capacity, and pH than soil from the wet climatic zone. Differences in these soil properties may have been a consequence of the relatively few samples collected from native
grassland and tree ecosystems in the dry climatic zone
compared with agricultural systems in the wet climatic
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T A B L E 3 Mean (± SE) of soil properties as affected by an orthogonal arrangement of climatic zone, land use in wet climates, and
physiographic region within land use in wet climates
Contrast

STBA

a

NMIN

POC

TOC

RIN

STP

STK

CEC

pH

Sand

Among broad climatic zones
Wet climate (n = 363)

217 (9)

53 (2)

4.5 (0.2)

21.4 (0.6)

20 (1)

79 (4)

163 (6)

95 (1)

5.97 (0.03)

475 (7)

Dry climate (n = 39)

456 (25)

90 (6)

7.6 (0.6)

30.9 (1.7)

24 (3)

36 (10)

368 (17)

158 (4)

6.17 (0.09)

216 (20)

Significance

***

***

***

***

NS

***

***

***

*

***

Land use in wet climate:
Cropland (n = 260)

122 (10)

33 (2)

2.5 (0.2)

11.8 (0.7)

22 (1)

85 (4)

153 (7)

82 (2)

6.14 (0.04)

459 (8)

Pasture (n = 103)

313 (15)

73 (3)

6.5 (0.4)

30.9 (1.7)

18 (2)

73 (6)

172 (10)

108 (2)

5.80 (0.06)

491 (12)

Significance

***

***

***

***

NS

NS

NS

***

***

*

Region of cropland in wet climate
Coastal Plain (n = 68)

66 (19)

22 (4)

2.3 (0.4)

11.4 (1.3)

12 (2)

91 (7)

204 (13)

69 (3)

6.17 (0.07)

540 (15)

Piedmont (n = 122)

130 (14)

29 (3)

2.7 (0.3)

11.7 (1.0)

23 (2)

58 (5)

111 (10)

64 (2)

5.77 (0.05)

547 (11)

Ridge–Valley (n = 70)

168 (18)

49 (4)

2.5 (0.4)

12.3 (1.3)

29 (2)

105 (7)

145 (13)

112 (3)

6.48 (0.07)

291 (15)

Significanceb

**, **

***, NS†

NS, NS

NS, NS

***, ***

***, ***

NS, ***

***, NS

***, ***

***, NS

Region of pasture in wet climate
Coastal Plain (n = 57)

189 (20)

60 (5)

5.6 (0.5)

37.1 (1.4)

8 (3)

50 (8)

182 (14)

130 (3)

5.74 (0.08)

357 (16)

Piedmont (n = 46)

438 (23)

86 (5)

7.5 (0.5)

24.7 (1.6)

28 (3)

96 (9)

161 (16)

87 (4)

5.86 (0.08)

625 (18)

Significance

***

***

**

***

***

***

NS

***

NS

***

STBA, soil-test biological activity (mg CO2 –C kg soil 3 d ); NMIN, net N mineralization (mg N kg soil 24 d ); POC, particulate organic C (g C kg−1 soil);
TOC, total organic C (g C kg−1 soil); RIN, residual inorganic N (mg N kg−1 soil); STP, soil-test P (g m−3 soil); STK, soil-test K (g m−3 soil); CEC, cation exchange
capacity (molc m−3 soil) ; Sand (g kg−1 soil).
b
For separation of means for regions within cropland in wet climates, the first notation is for the Coastal Plain + Piedmont vs. Ridge–Valley; the second notation
is for the Coastal Plain vs. Piedmont.
* Significant at the .05 probability level. ** Significant at the .01 level. *** Significant at the .001 level. † NS, Not significant (p > .05).
a

−1

−1

zone, as well as the samples being restricted to near-surface
soil layers in the dry climatic zone rather than multiple
layers in the wet climatic zone. Soil depth had a large
effect on many soil properties, except pH and sand concentration. For example, total organic C and STBA averaged
21.7 g kg−1 and 283 mg CO2 –C kg−1 soil 3 d−1 in surface
samples (0–2.5, 0–3, 0–6, 0–10, 0–15, 2.5–7.5, 3–6, and 6–
12 cm; n = 236) and 14.5 g kg−1 and 86 mg CO2 –C kg−1
soil 3 d−1 in deeper layers (7.5–15, 10–30, 15–30, and 20–
30 cm; n = 163) respectively. Despite sampling depth differences between climatic zones, soil from the dry climatic
zone had lower soil-test P and sand content than soil from
the wet climatic zone, probably because of the inherent
differences in soil formation effects on soil composition
and mineralogy between zones and the general lack of fertilizer inputs to native systems in the dry climatic zone.
Unfortunately, depth of soil sampling was not an evenly
distributed factor in this comparison of climatic zones,
so our interpretations are cautious. Soil sampling depth
was much more balanced in additional comparisons of
land use and physiographic region within the wet climatic
zone.
Land use under annual cropland vs. perennial pasture
was a significant factor influencing all properties, except
residual inorganic N and soil-test P and K (Table 3). Soil

−1

−1

from pasture had greater STBA, net N mineralization, particulate organic C, total organic C, cation exchange capacity, and sand content than soil from cropland. Soil from
pasture had lower pH than soil under cropland. These
results imply that the soil’s organic fertility was generally
at a higher level under pasture than under cropland but
that inorganic fertility was more similar between land uses.
Accumulation of surface soil organic C and N fractions
under long-term pasture development is typical in the eastern United States (Franzluebbers, 2010). It is possible that
lime was more frequently applied to cropland than to pastureland, thus affecting soil pH. These results also illustrate the correspondence of STBA for tracking changes in
potential soil C sequestration in comparisons of pasture
with cropland.
The effect of physiographic region within each of the
crop and pasture land uses in the wet climatic zone was
mixed (Table 3). In pastures, soil-test K and soil pH were
not different between Piedmont and Coastal Plain physiographic regions. Soil-test biological activity, net N mineralization, particulate organic C, residual inorganic N, soiltest P, and sand content were greater in Piedmont than the
Coastal Plain region. However, total organic C and cation
exchange capacity were lower in Piedmont than Coastal
Plain locations. We interpret these variable results as a
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T A B L E 4 Fraction of total variation in plant and soil properties explained by soil-test biological activity (STBA, mg kg−1 3 d−1 ) alone
and in combination with climatic zone, land use, and physiographic region
a

Source of variation
STBA alone

DM
0.415***

PNU
0.615***

b

RSA
0.682***

NMIN
0.688***

CMIN

BSR

SMBC

Fraction of total variation
0.973***
0.895***
0.672***

POC

TOC

TSN

0.751***

0.402***

0.669***

STBA × regional land use (orthogonal contrasts of four categories)
Between climatic zones
(east vs. west) (1 df)

0.068***

0.046***

0.004**

0.028***

<0.001

0.001

<0.001

0.005***

0.019***

0.005***

Between land uses
(cropland vs. pasture)
(1 df)

<0.001

0.004***

<0.001

<0.001

<0.001

<0.001

0.014***

0.002**

0.011***

0.007***

Among regions of cropland
(Coastal Plain vs.
Piedmont vs.
Ridge–Valley) (2 df)

0.093***

0.037***

0.039***

0.009***

<0.001

<0.001

0.013***

0.020***

0.002

0.002*

Between regions of pasture
(Coastal Plain vs.
Piedmont) (1 df)

0.001

0.002**

<0.001

0.012***

<0.001

0.001*

0.017***

0.020***

0.104***

0.048***

Total variation explained

0.578

0.705

0.726

0.736

0.973

0.897

0.716

0.798

0.539

0.731

Plant properties include a greenhouse growth bioassay for plant dry matter production (DM, g kg−1 ) and plant N uptake (PNU, mg kg−1 ).
Soil biochemical properties include residual soil ammonium (RSA, mg kg−1 ), net N mineralization during 24 d (NMIN, mg kg−1 24 d−1 ), cumulative C mineralization during 24 d (CMIIN, mg kg−1 24 d−1 ), basal soil respiration (BSR, mg kg−1 d−1 ), soil microbial biomass C (SMBC, mg kg−1 ), particulate organic C (POC, g
kg−1 ), total organic C (TOC, g kg−1 ), and total soil N (TSN, g kg−1 ).
* Significant at the .05 level of probability. ** Significant at the .01 level of probability. *** Significant at the.001 level of probability.
a

b

reflection of the specific soils and farms included in this
study; the results may not be generalizable.
In cropland, STBA and residual inorganic N were greater
in Piedmont than the Coastal Plain region. Both soil properties were also greater in the Piedmont than in the Coastal
Plain under pasture. However, in contrast to the results
under pasture, net N mineralization, particulate organic C,
total organic C, cation exchange capacity, and sand content were not different between the Piedmont and Coastal
Plain regions. Soil-test P, soil-test K, and soil pH were lower
in Piedmont than the Coastal Plain region. The Ridge–
Valley region was only represented by cropland and several soil properties were enhanced in this region compared
with the Piedmont and Coastal Plain regions, including
STBA, net N mineralization, residual inorganic N, cation
exchange capacity, soil-test P, and soil pH. The greater
values in the Ridge–Valley region than in the Coastal
Plain and Piedmont regions may have been caused by
lower mean annual temperature in the more northerly
setting.

3.3
Associations between STBA and
other soil properties
Soil-test biological activity was strongly associated with
net N mineralization (r2 = 0.69, p < .001) and plant N
uptake in the greenhouse bioassay (r2 = 0.62, p < 0.001),

despite the diversity of soils in this study (Table 4). Soiltest biological activity was also strongly associated with
several other biologically active fractions of organic matter, including cumulative C mineralization, basal soil respiration, soil microbial biomass C, and particulate organic
C. In addition, strong associations occurred between STBA
and DM production in the greenhouse bioassay, residual
soil ammonium, total organic C, and total soil N. Mostly
because of the large number of samples analyzed, STBA
also had significant (p < .001) associations with many
cationic nutrients (Table 5) and other routine soil testing
properties (Table 6). The fraction of total variation in inorganic soil properties explained by STBA was, however, very
low (0.08 ± 0.10) compared with the fraction of total variation in organic soil properties explained by STBA alone of
0.68 ± 0.17 (Table 4). Differences in strength of association
indicate the greater ability of STBA to describe a variety of
organic matter properties in soil than to describe inorganic
properties.
One of our goals was to determine if unique equations would be needed to predict soil organic N availability from STBA assessments for different regions or land
uses. Climatic zone interacted with STBA to explain at
least 0.02 more of the variation in DM production and
plant N uptake in the greenhouse bioassay, as well as net
N mineralization, and total organic C (Table 4). Land use
category separated into cropland and pasture had no sizable effect (i.e. all explained <0.02 of the variation) on the
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T A B L E 5 Fraction of total variation in soil cationic properties explained by soil-test biological activity (STBA, mg kg−1 3 d−1 ) alone and
in combination with climatic zone, land use, and physiographic region
a

Source of variation
STBA alone

CEC
0.292***

BS
0.028***

Ca

Mg

Mn

Cu

Zn

0.211***

Fraction of total variation
0.137***
0.248***
<0.001

STK

Na

0.052***

<0.001

0.055***

STBA × regional land use (orthogonal contrasts of four categories)
Between climatic zones (east
vs. west) (1 df)

0.015***

0.011*

0.006**

0.007**

0.004

<0.001

0.112***

0.015***

0.018***

Between land uses (cropland
vs. pasture) (1 df)

<0.001

0.037***

0.003

0.008**

0.031***

0.001

0.264***

0.033***

0.023***

Among regions of cropland
(Coastal Plain vs. Piedmont
vs. Ridge–Valley) (2 df)

0.096***

0.110***

0.164***

0.002

0.044***

0.002

0.208***

0.193***

0.071***

Between regions of pasture
(Coastal Plain vs.
Piedmont) (1 df)

0.079***

<0.001

0.008**

0.275***

0.032***

0.082***

0.033***

0.009**

0.013**

Total variation explained

0.481

0.186

0.392

0.429

0.360

0.085

0.669

0.250

0.181

Soil cationic soil properties include cation exchange capacity (CEC, molc m−3 ), base saturation (BS, %), extractable Ca (g m−3 ), extractable Mg (g m−3 ), soil-test
K (STK, g m−3 ), extractable Na (g m−3 ), extractable Mn (g m−3 ), extractable Cu (g m−3 ), and extractable Zn (g m−3 ).
* Significant at the .05 level of significance. ** Significant at the .01 level of significance. *** Significant at the.001 level of probability.
a

T A B L E 6 Fraction of total variation in other soil nutrient properties explained by soil-test biological activity (STBA, mg kg−1 3 d−1 )
alone and in combination with climatic zone, land use, and physiographic region
a

Source of variation

RSN

RIN

AN

HM

STBA alone

<0.001

0.091***

0.033***

Density

pH

Acidity

STP

S

Fraction of total variation
0.002
0.244***
<0.001

0.012**

0.076***

0.003

STBA × regional land use (orthogonal contrasts of four categories)

a

Between climatic zones (east
vs. west) (1 df)

0.006

0.003

0.025***

0.008*

0.027***

0.041***

0.021***

0.082***

0.005

Between land uses (cropland
vs. pasture) (1 df)

0.006

0.005

0.031***

0.030***

0.057***

0.062***

0.042***

0.069***

0.004

Among regions of cropland
(Coastal Plain vs. Piedmont
vs. Ridge–Valley) (2 df)

0.002

0.013*

0.003

0.005*

0.053***

0.153***

0.043***

0.113***

0.009

Between regions of pasture
(Coastal Plain vs.
Piedmont) (1 df)

0.023***

0.022***

0.022***

0.270***

0.043***

0.003

0.088***

<0.001

0.007

Total variation explained

0.038

0.134

0.115

0.315

0.424

0.259

0.206

0.340

0.028

−1

−1

Other soil nutrient analyses include residual soil nitrate (RSN, mg N kg soil), residual inorganic N (RIN, mg N kg soil), apparent nitrification (AN, kg NO3 –N
formed per kg N mineralized), humic matter (HM, kg−3 soil), sieved density (Mg m−3 soil), soil pH, acidity (mol m−3 ), soil-test P (STP, g m−3 ), and extractable
sulfate (S, g m−3 )
* Significant at the .05 level of probability. ** Significant at the .01 level of probability. *** Significant at the.001 level of probability.

association between STBA and other soil organic matter
properties (Table 4). Physiographic region within eastern
states interacted with STBA to explain at least 0.02 more
of the variation in DM production and plant N uptake
in the greenhouse bioassay, residual soil ammonium, soil
microbial biomass C, particulate organic C, total organic
C, and total soil N (Table 4). This analysis suggests that
some unique changes in soil organic C and N fractions
relative to STBA occurred in response to climatic zone

and physiographic region but not land use within those
physiographic regions. Overall, the effects were highly
significant but also rather small (6.4 ± 5.0% of the variation) in comparison with the high strength of this association with STBA alone (67.6 ± 17.0% of the variation).
When we took the fraction of variation in a soil property explained by the cumulative effects of climatic zone,
land use, and physiographic region and divided it by the
fraction explained by STBA alone, several of the variables
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in Table 4 had values below 10%, including cumulative C
mineralization, basal soil respiration, particulate organic
C, soil microbial biomass C, net N mineralization, and total
soil N. These variables, therefore, should be considered the
most strongly associated with STBA independent of climatic zone, land use, and physiographic region. They have
also been the most robust associations in earlier studies
(Franzluebbers, Haney, Honeycutt, Schomberg, & Hons,
2000; Franzluebers, Schomberg, & Endale, 2007; Franzluebbers et al., 2018b). Plant N uptake in the greenhouse
bioassay had a value of 15%, total organic C had a value of
34%, and DM in the greenhouse bioassay had a value of
39%. Therefore, these variables should be considered moderately related to STBA but will need to have some adjustment in assessments of soils under widely different climatic zones and land use conditions. In contrast, the soil
properties in Table 5 (i.e., soil cation properties) and Table 6
(i.e., soil anion and other properties) had relative values
of 45% or greater. This evaluation further supported the
view that STBA is closely associated with other soil organic
C and N fractions, particularly cumulative C mineralization and basal soil respiration. These very close associations were almost completely devoid of any influence of
climatic zone, land use, or physiographic region. At the
other extreme, residual soil nitrate, soil pH, extractable Na,
and extractable Cu had no association with STBA at all.
Several other soil inorganic properties also had hardly any
association with STBA, including humic matter, acidity,
extractable Mn, extractable S, and base saturation (relative
values > 400%).

six climatic zone × land use × physiographic region
combinations, the most prominent soil factor was soil
microbial biomass C (79% of variation) for cropland in
the Coastal Plain, particulate organic C (92% of variation) for pastureland in the Coastal Plain, STBA (75%
of variation) for cropland in the Piedmont, total soil N
(88% of variation) for pastureland in the Piedmont, STBA
(83% of variation) for cropland in the Ridge–Valley, and
extractable Mn (36% of variation) for the prairie region.
Variation explained by STBA alone would have been 72,
90, 75, 75, 83, and 7%, respectively. The most prominent
factor explaining plant N uptake in the greenhouse bioassay when data were sorted into climatic zone × land use
× physiographic region combinations was plant-available
N (84% of variation) for cropland in the Coastal Plain
region, particulate organic C (93% of variation) for pastureland in the Coastal Plain region, plant-available N
(74% of variation) for cropland in Piedmont, STBA (88% of
variation) for pastureland in Piedmont, plant-available N
(87% of variation) for cropland in the Ridge–Valley region,
and STBA (58% of variation) for the prairie region. The
variation explained by STBA alone would have been 80,
81, 65, 88, 68, and 58%, respectively. These results suggest that some form of biologically active C or N fraction should be determined in all physiographic regions and
land uses; since STBA is a relatively simple, rapid, reliable, and direct measure of the biological fraction, it would
be a logical choice. Choosing STBA over the other most
prominent indicators would have reduced the value of r2
by 8 ± 9%.

3.4
Implications for selection of soil
health indicators

3.5
Prediction of organic N availability
from STBA

Results of the relative fraction of variation in soil fertility
properties explained by STBA alone compared with those
interacting with climatic zone, land use, and physiographic
region suggest that soil health investigators could minimize resource duplication by selecting one of the C and
N mineralization indicators and avoiding others. Furthermore, selecting other unrelated soil chemical tests would
be more useful for diversifying the portfolio of indicators,
depending on soil resource concerns considered and soil
functions of interest. Such an approach to diversifying
soil fertility indicators was recently described for grazed,
perennial pastures in North Carolina (Franzluebbers et al.,
2019a), in which traditional soil-test P and K analyses could
be effectively supplemented with total soil N (for total
nutrient reserve) and STBA (to assess catabolic capacity
and provide short-term N supply through mineralization).
In stepwise multiple-regression analysis of factors associated with net N mineralization within each of the

As an example of how climatic zone, land use, and physiographic region affected the association between STBA
and net N mineralization, individual regressions within
these categories are plotted in Figure 1. Significant interactions between STBA and geography × land use combinations were sometimes caused by differences in the
range of soil responses, such as in Piedmont pasture compared with Piedmont cropland, and limited soil sampling
depth, such as in fields of the prairie region. Variations in
other soil characteristics may have also influenced results,
such as differences among regional management categories described in Table 3. In a linear regression testing
climatic zone × land use × physiographic region combinations, STBA’s associations with net N mineralization were
different between the wet and dry climatic regions (i.e.,
prairie compared with other regions) (p < .001), as well as
between the Coastal Plain and Piedmont regions (p < .001).
Both effects were significant in the analyses from Table 4
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F I G U R E 1 Regression of net N mineralization (NMIN) on soil-test biological activity (STBA) as affected by physiographic region and land
use (cropland or pasture). †, significant at p ≤ .10; ***, significant at p ≤ .001. The SE of the y-intercept values are 3, 2, 3, 7, 3, and 15 for cropland
and pasture in the Coastal Plain region, for cropland and pasture in the Piedmont region, for the Ridge–Valley region, and the Prairie region,
respectively. The SE of the slope estimates are 0.04, 0.01, 0.01, 0.01, 0.02, and 0.03 for cropland and pasture in the Coastal Plain region, for
cropland and pasture in the Piedmont region, for the Ridge–Valley region, and Prairie region, respectively

as well. There was also a difference between cropland and
pasture within the Piedmont region when all data were
used. However, if the very high STBA values from the
0- to 2.5-cm depth (> 800 mg CO2 –C kg−1 soil 3 d−1 ) were
removed from the analysis, then there was no significant
difference between land uses in Piedmont (p = .24). It is
unclear why there was a difference between the Coastal
Plain and Piedmont regions, since an earlier investigation
did not find a difference in the association between STBA
and net N mineralization among soil textural classes (Franzluebbers et al., 2018b). This earlier investigation had a
small decline in regression coefficient with increasing sand
concentration, which would have been contrary to our
results.
Of particular curiosity was the relatively poor association between STBA and net N mineralization in the prairie
region (Figure 1). Samples of soil in this dry climatic zone
were from two locations (0–6-cm depth for a native grassland in Oklahoma and 0–15-cm depth under century-old
trees at the Arbor Day Farm in Nebraska) and represented
considerably different management systems from all other
agricultural locations in the wet climatic zone. Further
investigation is warranted to see if this unique relationship
between STBA and net N mineralization persists when we
assess other soils under more typical agricultural operation in this area and the broader region of the Midwest and
Great Plains. Soils that we selected in the dry climatic zone
were fine-textured (mostly silt loam and silty clay loam)
with montmorillonitic clays compared with mostly loam,
sandy loam, and sandy clay loam texture with kaolinitic
clays in the wet climatic zone. Perhaps the frequent drying
and wetting of soils in semiarid regions causes a greater
propensity to sequester larger portions of N rather than

release it to mineralization, since investigations of frequent
drying and wetting events have shown limited capacity to
mineralize N, at least compared with more continuously
moist soil (Franzluebbers, Weaver, Juo, & Franzluebbers,
1994).
The association between STBA and plant N uptake in
the greenhouse bioassay provided further insight into the
question of whether unique relationships might be needed
for assessments of soil organic N availability (Figure 2).
These regressions were carried out with STBA ≤ 600 mg
CO2 –C kg−1 soil 3 d−1 (n = 370) to compare categories
across a more evenly distributed range of values; STBA values below this limit have been very frequently observed
in other studies of fields on private farms (Franzluebbers, 2020b; Franzluebbers & Poore, 2020). Like that for
net N mineralization, STBA’s association with plant N
uptake was different (p < .001) between wet and dry climatic zones. The association was also different (p < .001)
between the Ridge–Valley region and the Coastal Plain and
Piedmont regions. No other differences in the association
between STBA and plant N uptake were observed when
comparing the Coastal Plain with Piedmont or cropland
with pasture. The common feature between the Ridge–
Valley and prairie regions was soil textural class (i.e., primarily silt loam and silty clay loam). Very few silt loams
and silty clay loams were present in the Coastal Plain
and Piedmont regions. Clay mineralogy may have been
more alike between the Ridge–Valley and prairie regions,
because at least some soils were described as having 2:1layer silicates. However, soils in the Ridge–Valley region
were of illitic and mixed mineralogy with an active charge,
whereas soils in the prairie region were of montmorillinitic
and mixed mineralogy with active and superactive charges.
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F I G U R E 2 Regression of plant N uptake (PNU) in a 6-wk greenhouse bioassay on soil-test biological activity (STBA) as affected by physiographic region and land use (cropland or pasture). ***, significant at p ≤ .001. The SE of the y-intercept values are 1, 2, 2, 6, 1, and 3 for cropland
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cropland and pasture in the Piedmont region, for the Ridge–Valley region, and the Prairie region, respectively

Clay mineralogy of the Coastal Plain and Piedmont regions
was kaolinitic (1:1-layer silicate) and had Fe and Al oxides.
Therefore, soil type may be a factor to explore in future
investigations.
Although the relationship between STBA and net N
mineralization was strong (Table 4), a few very high values of STBA created a curvilinear response beyond 800 mg
CO2 –C kg−1 soil 3 d−1 . A similar plateaued response
when STBA reached ∼800 mg CO2 –C kg−1 soil 3 d−1 was
observed on a no-till cropped field of a dairy farm in North
Carolina (Franzluebbers & Brock, 2007). In this earlier
investigation, soil samples at this high level of STBA were
from 0- to 3-cm depth. In the current investigation, such
high values of STBA were from samples collected at 0to 2.5-cm depth under perennial pasture and not in cropland when sampling at 0- to 10-cm depth (Franzluebbers
et al., 2018b) nor in pasture sampled at 0- to 10-cm depth
(Franzluebbers, Pehim-Limbu, & Poore, 2018a). The strong
depth stratification of soil organic C and N fractions under
long-term tall fescue pastures (from which these samples
were derived) led to very high basal soil respiration at this
shallow sampling depth (Franzluebbers et al., 1999) and
was therefore expected to have elevated STBA as well. Such
high C availability can sometimes lead to significant N
immobilization into a growing microbial biomass (Franzluebbers, 1999). Significant N immobilization may have
also occurred in the samples at 0- to 6-cm depth from Oklahoma, since there was poorer association between net N
mineralization and STBA (Figure 1).
If the 40 samples from Nebraska and Oklahoma and the
six samples from the 0- to 2.5-cm depth in Georgia were
removed from the regression, then the linear fit of net N

mineralization (NMIN) on STBA would have been appropriate, according to the following equation (r2 = 0.68, p <
.001, n = 365):
𝑁𝑀𝐼𝑁 = 4.5 + 0.23 × 𝑆𝑇𝐵𝐴.

(1)

If, instead, the upper limit of STBA were simply limited
to ≤ 600 mg kg−1 3 d−1 , then the resulting equation (r2 =
0.67, p <. 001, n = 384) was:
𝑁𝑀𝐼𝑁 = 6.0 + 0.22 × 𝑆𝑇𝐵𝐴.

(2)

The linear coefficients in these modified regressions
were similar to the linear coefficient in the full dataset
and were much more in agreement with previous associations found across soil types from cropland in North Carolina and Virginia (Franzluebbers et al., 2018b) and from
cropland in Georgia (Franzluebbers & Stuedemann, 2008;
Franzluebbers, et al., 2007).
Soil-test biological activity (measured as the flush of CO2
following rewetting of dried soil during 3 d of incubation at
25 ◦ C and 50% water-filled pore space) has been shown to
have a close association with net N mineralization (measured as cumulative inorganic N accumulation following
rewetting of dried soil during 24 d of incubation at 25 ◦ C
and 50% water-filled pore space) in several studies in Georgia (Franzluebbers & Stuedemann, 2008; Franzluebbers
et al., 2007), North Carolina (Franzluebbers & Brock, 2007;
Franzluebbers et al., 2018b) and across a diversity of soils
with similar conservation management approaches in
Alabama, Georgia, Mississippi, Missouri, South Carolina,
Tennessee, and Texas (Schomberg et al., 2009). However,
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when alternative methodologies were used for C and N
determination, Chu et al. (2019) found that the two measures were not so closely associated. Net N mineralization
under aerobic and anaerobic incubation often have strong
correlations (Schomberg et al., 2009; Soon, Haq, & Arshad,
2007) but can result in different absolute values depending
on the incubation times selected. Different investigators have used a variety of short-term C mineralization
approaches, and these differences in methodology can
influence results obtained. Some of the effects explored
include incubation time (Franzluebbers & Haney, 2018;
Wade, Horwath, & Burger, 2016), amount of water supplied
to the soil (Castro-Bustamante & Hartz, 2016; Wade et al.,
2018), mass of soil used (Franzluebbers, 2020a), extent of
soil processing (Franzluebbers, 1999; Wade et al., 2018),
incubation temperature (Franzluebbers & Veum, 2020),
and CO2 detection methodology (Haney, Brinton, & Evans,
2008; Sherrod, Reeder, Hunter, & Ahuja, 2012). This divergence among studies indicates the need to better understand field-level interpretations when different methodological approaches are taken. In addition, standardization
of methods may be appropriate for extending interpretations across a broad spectrum of soil and land use management conditions. In a review of the methodology described
in our study, strong associations of STBA with basal soil
respiration, cumulative C mineralization, soil microbial
biomass, and net N mineralization were found among
different temperate and tropical soils (Franzluebbers,
2018).
Close association of the first few days of soil respiration with the overall catabolic activity of oil-contaminated
soil has been demonstrated (Riffaldi, Levi-Minzi, Cardelli,
Palumbo, & Saviozzi, 2006). In addition, many studies have
revealed a strong difference in the catabolic capacity of various soils to organic amendments, including different crop
residues and animal manures (Khalil, Hossain, & Schmidhalter, 2005), co-composting of food processing byproducts
with sewage sludge or animal manure (Bustamante, SaidPullicino, Paredes, Cecilia, & Moral, 2010), crop residues
with different N concentrations (Xiao, Xu, Tang, Zhang,
& Brookes, 2013), and biochars from different feedstocks
(Sigua et al., 2014).
An association between STBA and total organic C concentration has been documented for a few specific soils
(Franzluebbers et al., 2000, 2007). However, it is still not
clear whether close associations exist or even should exist
among a wider variety of soil orders. This skeptical view
has been informed by observations of strong climatic gradients on soil organic C (Jenny, 1941), which are reflected
in different soil organic C-specific respiration rates
(Franzluebbers et al., 2001). Further descriptions of the
associations between STBA and other soil organic C and
N fractions among different soil types and climatic zones
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will be of importance to help clarify how STBA can assist
in interpreting soil health conditions under different
management approaches.

4

SUMMARY AND CONCLUSIONS

Soil-test biological activity was supported as a robust indicator of soil N availability from the mineralization of
soil organic N during aerobic incubation, as well as from
plant N uptake in an unamended greenhouse bioassay.
Although significant variations in association caused by
climatic zone and physiographic region were detected,
the relative effects were small (5% of variation) compared with the overall strong relationship already existing between net N mineralization and STBA (69% of variation). In addition, some of the variation may have been
caused by the extremely shallow sampling depths that
contained concentrated plant litter inputs. Excess C availability can cause temporary or long-lasting N immobilization, depending on the total amount of N present in the
system. If the intent were to predict soil N availability
from STBA, then it may be advisable to avoid extremely
shallow surface sampling depths (<5 cm). Difference in
land use between annual cropland and perennial pasture
was not a significant variable in affecting the relationship between net N mineralization and STBA. The results
indicate that STBA reasonably predicts net N mineralization and plant N uptake in a greenhouse bioassay broadly
across land uses and physiographic regions but may need
some adjustments when the climatic conditions vary substantially. This latter suggestion simply needs additional
testing.
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